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[57] ABSTRACT 

The present invention provides methods and devices for 
measuring radiation absorption by a sample. The invention 
enables one to determine Whether the sample scatters the 

radiation of interest and, if so, to factor out the effects of 
such scattering and ore accurately determine the true absorp 
tion of the sample. The invention may employ a selectively 
controllable occluder Which is moved betWeen three or more 

different positions to yield three or more different radiation 

measurements. These measurements can then be compared 

to one another to determine the nature of any radiation 

scattering and factor out its effects, enabling more accurate 
absorption determinations. 
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MEANS AND METHOD FOR MEASURING 
ABSORPTION OF RADIATION-SCATTERING 

SAMPLES 

This application claims priority to US. Provisional 
Application No. 60/050,696 ?led Jun. 25, 1997. 

FIELD OF THE INVENTION 

The present invention provides a device for effectively 
measuring the absorption of a radiation spectrum for a 
sample Which also scatters the radiation. The invention has 
particular utility in measuring the absorption of light in 
Whole blood and other biologic samples as a means for 
conducting chemical analysis of the sample. 

BACKGROUND OF THE INVENTION 

AWide variety of analytical chemical techniques measure 
a sample’s absorption of radiation at a particular Wavelength 
or series of Wavelengths. Often times, the absorption of this 
speci?ed radiation Will vary in a prede?ned relationship With 
respect to some speci?c chemical or physical property of the 
sample, such as density or concentration. Accordingly, by 
measuring the absorption of a sample at the speci?ed 
Wavelength or Wavelengths, one can frequently determine 
the density or concentration of some component of the 
sample. 

For eXample, When radiant energy passes through a liquid, 
certain Wavelengths of that energy may be selectively 
absorbed by particles Which are dissolved in that liquid. For 
a given path length Which the light traverses through the 
liquid, Beer’s laW (also referred to as the Beer-Lambert 
relationship) indicates that the relative transmittance of the 
liquid at a given Wavelength is inversely logarithmically 
related to the concentration of the solute Which absorbs that 
Wavelength. Accordingly, for a sample having a predeter 
mined path length, the transmittance of a sample at the 
speci?ed Wavelength should permit one to fairly readily 
determine the concentration of the solute Which absorbs at 
that Wavelength. 

This principle is commonly used in hemoglobinometers, 
Which are essentially specialiZed spectrophotometers used to 
measure the concentration of hemoglobin in a sample. By 
directing a light at a speci?ed Wavelength or series of 
Wavelengths into a sample of a knoWn thickness and mea 
suring the intensity of the light passing through the sample, 
one can effectively determine the concentration of one or 
more species of hemoglobin in the sample. Such a process 
is discussed in US. Pat. No. 4,357,105 (LoretZ) and in US. 
Pat. No. 3,994,585 (Frey), the teachings of both of Which are 
incorporated herein by reference. 

The utiliZation of transmittance as a measure of concen 

tration can provide fairly accurate results in a simple, 
ef?cient manner. Unfortunately, this measurement is subject 
to a number of variables. Some of these variables are 
dependent on the measuring device itself, such as the nature 
of the light being emitted by the light source, the spectral 
response of the other optical components interposed 
betWeen the light source and the detector, temperature 
Within the system, etc. By utiliZing appropriate controls and 
frequent calibration, such variables can be effectively deter 
mined and factored out of any transmittance measurements. 

There are some variables Which are sample-dependent, 
though. One such variable Which can present signi?cant 
dif?culties in measuring the light attenuation due to absorp 
tion of the sample is the presence of scattering particles. If 
a sample is non-scattering, the total transmittance measured 
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2 
for the sample can provide an accurate measurement of the 
absorption attributable to the presence of the solute of 
interest. HoWever, if the sample also scatters the Wavelength 
of radiation of interest, this scattering can signi?cantly 
impact the measured transmittance of the sample and yield 
inaccurate analytical results. 
The losses attributable to scattering have tWo primary 

components. The ?rst is the radiation scattered aWay from 
the detector Which Will never reach the detector at all. The 
other component is related to the fact that the scattering 
particles Will signi?cantly increase the mean path length of 
radiation passing through the sample as the radiation 
bounces from one scattering particle to another on the Way 
to the detector. Since Beer’s laW is based on an assumption 
that the path length through the ?uid Will remain constant, 
such an increase in the mean path length can have a marked 
impact on the calculated concentration of the solute. 

FIG. 10 illustrates the impact of scattering in a blood 
sample. Whole blood is made up primarily of plasma and red 
blood cells, Which tend to scatter light. (White blood cells 
and platelets play a minor role due to the quantity involved.) 
The presence of the red blood cells, therefore, can have a 
signi?cant impact on the measured optical density (i.e., the 
negative of the logarithm of the transmittance value). For 
this reason, many of the more accurate blood analyZers 
mechanically or chemically lyse the sample, i.e. break doWn 
the cell Walls of the red blood cells, before taking any 
measurements. Since it is the change in the indeX of refrac 
tion of the sample at the surface of the red blood cells that 
causes scattering, lysing Will alloW one to achieve a virtually 
non-scattering sample. 

Unfortunately, lysing a sample adds its oWn complexities. 
Of one mechanically lyses the sample, this is commonly 
done in a length of ?exible tubing through Which each 
sample must pass. This signi?cantly increases the risk of 
cross-contamination betWeen the samples. If one chemically 
lyses the sample, this Will dilute the original sample and can 
make it more dif?cult to detect smaller hemoglobin concen 
trations. On addition, lysing Will not remove all scattering 
particles. Sometimes blood includes a not insigni?cant 
amount of other light-scattering particles, such as fat 
particles, and certain drugs, such as one sold under the trade 
name Interlipid, can also affect scattering. In addition, if 
lysis is incomplete, the non-lysed cells Will continue to 
scatter light. 

FIG. 10 schematically illustrates the relationship betWeen 
the optical density of a sample and the total hemoglobin 
concentration [THb]. There are tWo curves depicted in FIG. 
10. The loWer curve, shoWn in dashed lines, is the optical 
density for a lysed blood sample. The slope of this line is 
constant since the only impact on optical density is the 
hemoglobin concentration. It should be noted that this graph 
is someWhat idealiZed in that a variety of other factors could 
impact the optical density, as noted above, but those factors 
are ignored in FIG. 10. 
The upper curve, shoWn in solid lines, is the optical 

density for a Whole blood sample. The slope of this line 
varies depending on the hemoglobin concentration. Hemo 
globin is retained Within red blood cells. Generally speaking, 
therefore, the higher the total hemoglobin in the blood 
sample, the higher the number of light-scattering red blood 
cells there Will be. As noted above, light-scattering particles 
Will signi?cantly reduce the transmittance, increasing the 
measured optical density. For this reason, the scattering 
curve is positioned above the lysed curve along most of its 
length in FIG. 10. The difference in the measured optical 
density at any given concentration is indicated as an offset 
S. 
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The value of this offset S Will differ depending on the 
concentration of the red blood cells in the sample. BetWeen 
tWo end points, indicated as A and B, in FIG. 10, this 
scattering offset S Will remain substantially constant and the 
slope of the tWo curves Will remain substantially identical. 
On either end of this range, though, this offset Will vary. 

In any scattering sample, the offset S Will depend on the 
relative indices of refraction of the scattering particles and 
the medium in Which they are suspended. In the case of 
Whole blood, the plasma, red blood cell Walls and the liquid 
Within those cell Walls each have different refractive indices. 
This causes light to bend as it passes from plasma, through 
the cell Wall to the intracellular ?uid, and back out again. In 
addition, since the different refractive indices of the various 
materials means that the light passes through those materials 
at different rates, these differences in the indices of refrac 
tion Will affect the effective light path length through the 
sample. 

Coherent light sources produce light rays With a ?xed 
phase relationship With one another. When the light rays are 
in phase With one another, their Wave maxima Will construc 
tively combine to produce a higher total light intensity. If a 
sample is non-scattering, the path length through the sample 
is the same for each ray of light, so the phase relationship 
betWeen the rays remains the same When light passes 
through the sample. As a result, the rays exiting the sample 
remain coherent and the Wave maxima of the light rays 
constructively combine. 

If the sample is scattering, the path length for each ray is 
different due to differences in the media through Which the 
light must pass to traverse the sample. As a result, the 
original phase relationship of the light rays is lost and at least 
some of the light rays may destructively combine. As the 
particle concentration of the sample increases, the phase 
relationship betWeen the light rays is increasingly lost until 
the phase relationship betWeen any tWo rays of light exiting 
the sample is essentially completely random. At this point, 
the light exiting the sample is said to be “incoherent” and the 
sample is said to be incoherently scattering. 
As the sample becomes increasingly scattering, the light 

goes from being completely coherent (as in the case of 
Hct=0 in FIG. 10) to progressively increasing incoherence. 
As a result, the offset S in FIG. 10 progressively increases 
from an initial value of Zero as the THb value (Which is 
related to the number of light scattering red blood cells, as 
noted above) increases. Once the light exiting the sample 
becomes incoherent, though, the offset attributable to such 
losses Will remain fairly constant. 

The scattering Which occurs at loWer particle densities is 
referred to as “coherent” scattering. “Incoherent” scattering, 
Which occurs at higher particle densities, produces a sub 
stantially constant scattering loss over a fairly Wide range of 
particle concentrations due to the essentially random nature 
of the interaction With the particles. At even higher particle 
concentrations, the sample begins to scatter coherently 
again. In essence, the sample can be vieWed as scattering 
particles With a liquid interspersed betWeen those particles, 
Which induces behavior similar to a liquid With particles 
dispersed throughout the liquid. 

Generally, one Would expect the sample to be essentially 
completely incoherently scattering at a hematocrit fraction 
(Hct) of about 0.25 at the loWer end, Which Will generally 
correspond to a point Where Ain FIG. 10 is about 8 g/dL. In 
a healthy individual, the hemoglobin concentration of the 
blood Will tend to be about 16 g/dL for male adults and about 
15 g/dL for female adults. Accordingly, most samples Will 
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4 
fall Within the incoherent scattering range and have a ?xed, 
predictable increase in optical density attributable to 
scattering, shoWn in FIG. 10 as the offset S. HoWever, it is 
not particularly unusual to have patient samples With hemo 
globin concentrations signi?cantly above or beloW this 
norm. Some of those samples Will fall in the coherent 
scattering region, Which Will have a loWer, less readily 
predictable offset S. 
Many Whole blood hemoglobinometers described in the 

literature do not take into account the possibility that a 
patient’s hemoglobin concentrations could fall Within the 
coherently scattering ranges. Instead, a ?xed offset S is 
subtracted from every optical density measurement before 
calculating the hemoglobin concentration. Obviously, the 
more one deviates from incoherent scattering (e.g., the loWer 
the concentration beloW the level A in FIG. 10), the more 
inaccurate the calculated hemoglobin concentration Will be. 
Unfortunately, With current mechanisms, there is no Way to 
determine the transmission losses attributable to scattering 
on a sample-by-sample basis. Accordingly, if a physician 
needs to accurately determine loWer hemoglobin 
concentrations, the patient’s sample must be analyZed in a 
different analyZer Which Will lyse the sample. 

SUMMARY OF THE INVENTION 

The present invention provides a method and a device for 
measuring the absorption of radiation by a sample Which can 
take into account the scattering effects of particles in the 
sample. In accordance With a ?rst method of the invention, 
an analyZer is provided Which includes a radiation source, a 
sample holder, a radiation detector, and a selectively oper 
able radiation occluder positioned betWeen the source and 
the detector along a radiation path. A sample is placed in the 
sample holder and the occluder is positioned at a ?rst 
position. While the occluder is in that ?rst position, radiation 
is directed from the source toWard the sample and a ?rst 
radiation measurement is taken With the detector. 

Next, the occluder is positioned at a second position 
Wherein the percentage of radiation occluded by the 
occluder is different from the percentage of radiation 
occluded in the ?rst position. The radiation is directed from 
the source toWard the sample and a second radiation mea 
surement is taken With the detector. The occluder is posi 
tioned at a third position, With the percentage of radiation 
occluded by the occluder in the third position being different 
from the percentage of radiation occluded in either of the 
?rst or second positions. Radiation is once again directed 
from the source toWard the sample and a third radiation 
measurement is taken With the detector. 
The ?rst, second and third radiation measurements are 

then compared to determine the radiation attenuation attrib 
utable to scattering by the sample. This radiation attenuation 
attributable to scattering can then be factored out to deter 
mine a radiation absorption value of the sample. 
A second method in accordance With the invention is 

someWhat more speci?c to measuring light absorption by a 
light-scattering sample. In accordance With this method, an 
analyZer is provided Which includes a light source, a sample 
holder, a light detector and a selectively operable occluder 
positioned betWeen the source and the detector along a light 
path. Once again, a sample is placed in the sample holder 
and the occluder is positioned at the ?rst position. Light is 
directed from the source toWard the sample and a ?rst light 
measurement is taken With the detector. As in the previous 
embodiment, a second light measurement is taken With the 
detector With the occluder at a second position Wherein the 
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percentage of light occluded by the occluder and the second 
position is different from that occluded in the ?rst position. 
A third light measurement is taken With the occluder in a 
third position Wherein the percentage of light occluded by 
the occluder is different from that in either of the ?rst or 
second positions. The ?rst, second and third light measure 
ments are then compared to determine light attenuation 
attributable to scattering caused by the sample and this 
scattering attenuation is then factored out to determine a 
light absorption value for the sample. 

The present invention also contemplates an analyZer 
Which can be used to measure light attenuation of a sample 
attributable to absorption When the sample may have scat 
tering particles therein. This analyZer includes a light source, 
a sample container, a light detector, a selectively controlled 
light occluder and a motor. The light occluder is positioned 
betWeen the light source and the light detector along a light 
path. The occluder may include a plate having an area Which 
is highly transmissive of light at a predetermined Wave 
length and at least one area Which is less transmissive at that 
Wavelength. The motor is adapted to move the occluder 
betWeen a ?rst position Wherein the plate is positioned 
relative to the light path to occlude a ?rst percentage of the 
light, a second position Wherein the plate is positioned 
relative to the light path to occlude a second percentage of 
the light, and a third position Wherein the plate is positioned 
relative to the light path to occlude a third percentage of the 
light. By appropriately controlling the motor and the light 
source and/or detector, one can effectively carry out one of 
the methods mentioned above. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic illustration of an analyZer in 
accordance With the invention With an occluder in a ?rst 
position; 

FIG. 2 is a schematic illustration of the analyZer of FIG. 
1 With the occluder in a second position; 

FIG. 3 is a schematic illustration of the analyZer of FIGS. 
1 and 2 With the occluder in a third position; 

FIG. 4 is a front elevational vieW of one occluder Which 
can be used in an analyZer of the invention; 

FIG. 5 is a front elevational vieW of an alternative 
embodiment of an occluder for use in an analyZer of the 

invention; 
FIG. 6 is a front elevational vieW of another embodiment 

of an occluder for use in an analyZer of the invention; 
FIG. 7 is a schematic illustration of an occluder and a 

motor for moving the occluder; 
FIG. 8 is a How chart schematically illustrating a method 

in accordance With one embodiment of the invention; 
FIG. 9 is a How chart schematically illustrating another 

method in accordance With the invention; 
FIG. 10 is a graph schematically illustrating the relation 

ship betWeen the optical density of a sample and the total 
hemoglobin concentration of the sample; 

FIG. 11 is a schematic illustration of an analyZer in 
accordance With an alternative embodiment of the invention; 
and 

FIG. 12 is a schematic illustration of an analyZer in 
accordance With yet another alternative embodiment of the 
invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIGS. 1—3 schematically illustrate an analyZer 10 and a 
method in accordance With the present invention. The ana 
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6 
lyZer 10 generally includes a radiation source 20, an 
occluder 30, a sample holder 50, and a radiation detector 60. 

The nature of the radiation source Will depend, of course, 
on the Wavelength of the radiation of interest in a particular 
test. In some circumstances, the radiation source may be a 
broad-band radiation source With a Wide radiation spectrum. 
In most applications, though, a speci?c Wavelength or 
several speci?c Wavelengths Will be of interest While other 
Wavelengths are of less importance. One could, presumably, 
con?gure the detector to respond only to radiation at the 
desired Wavelength(s). In order to simplify the radiation 
detector, though, one can more carefully select the radiation 
source to emit a much narroWer range of Wavelengths to 
more speci?cally focus on the Wavelength(s) of interest for 
the test being conducted. 

It is desirable that the radiation striking the sample in the 
sample holder be as uniform across the surface of the sample 
holder as possible. This can be accomplished in a variety of 
Ways and Will depend in large part on the nature of the 
radiation source. If the radiation source is emitting light in 
the visible spectrum, for eXample, one can utiliZe a plane 
Wave source or can interpose an opalescent ?lter betWeen 
the light source and the occluder to create a fairly uniform 
illumination. Such techniques are Well knoWn in the art. 

FIGS. 1—3 schematically shoW a Lambertian light source. 
Such light sources are Well knoWn and need not be discussed 
in any great detail here. US. Pat. No. 4,892,409, the 
teachings of Which are incorporated herein by reference, 
brie?y discusses the use of such a light source in a photom 
eter. Generally, though, common Lambertian sources utiliZe 
an internally re?ective sphere 22 With a radiation source 
positioned Within the sphere or entering one side of the 
sphere. The light bounces around the internally re?ective 
sphere, creating a fairly uniform intensity exiting out a side 
opening 26 in the sphere. In FIGS. 2 and 3, the radiant 
element 24 is shoWn as being positioned Within the sphere 
22. This radiant element should emit radiation at least at the 
Wavelength(s) of interest for the property to be measured. 

FIG. 1 illustrates the radiant element as a series of 
individual diodes 24a, 24b and 24c. Abaffle 23 may also be 
positioned betWeen these diodes and the opening 26 through 
Which light eXits the sphere to improve uniformity of the 
eXisting light. Any suitable number of diodes may be utiliZed 
to generate a radiation pro?le having desired properties. 

If the analyZer 10 is to be used as a hemoglobinometer, for 
eXample, at least one of the radiant elements 24a—24a' may 
be a diode emitting light at about 540 nm. In a particularly 
preferred embodiment, each of the radiant elements 
24a—24d is a laser diode emitting light Within a rather 
narroW bandWidth, With each diode emitting a different 
Wavelength. For eXample, diode 24a may emit at about 650 
IlIIlil nm, diode 24b may emit at about 660 IlIIlil nm, diode 
24c may emit at about 685 IlIIlil nm, and diode 24d may 
emit at about 810 nmzl nm. Such laser diodes are available 
from a variety of sources. 

As is knoWn in the art, selecting a number of different 
Wavelengths of light for use in a hemiglobinometer can 
alloW one to determine not only the total hemoglobin 
concentration (THb), but also the relative concentrations of 
the different species of hemoglobin, i.e., reduced hemoglo 
bin or deoXyhemoglobin (RHb), oXyhemoglobin (O2Hb), 
carboXyhemoglobin (COHb) and methemoglobin (MetHb). 
The relative absorption of the various species as a function 
of Wavelength is Well knoWn. Hence, if one selects four or 
more Wavelengths of light, it is a simple matter to determine 
the relative concentrations of the species from the measure 
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ments taken at those Wavelengths. Using these relative 
concentrations and the measured total hemoglobin 
concentration, one can determine the total concentration of 
each species in the sample. 

The nature of the occluder Will also depend to some eXtent 
on the Wavelength(s) of the radiation of interest. The 
occluder desirably permits one to vary both the intensity and 
the pattern of the radiation striking the sample holder 50. 
The occluder is desirably con?gured so that one, by moving 
the occluder With respect to the radiation source 20, can vary 
the radiation striking the sample holder in a desired fashion. 
The occluder is desirably movable betWeen at least three 
different positions to achieve three different radiation inten 
sities and patterns on the sample holder 50 Within the optical 
path 80 of the system, as described in more detail beloW. 

FIGS. 4—6 illustrate three different embodiments of an 
occluder in accordance With the invention. In the embodi 
ment of FIG. 4, the occluder 30 includes a plate 32 With a 
single, centrally located occluding dot 34. The nature of the 
plate and the dot Will vary depending on the nature of the 
radiation being used. If the radiation is a particular Wave 
length or set of Wavelengths of visible light, for eXample, the 
plate 32 may comprise a glass plate With a minimal absorp 
tion of the Wavelength(s) of interest. If so desired, the glass 
of the plate 32 can be doped With different compounds to 
yield a ?lter to further restrict the Wavelength(s) of light 
striking the sample holder 50. 

The dot 34 should have a substantial impact on the 
transmittance of the Wavelength of interest When the dot is 
positioned in the optical path 80 of the analyZer. In a 
preferred embodiment, the dot is substantially non 
transmissive of the relevant Wavelengths of radiation. If the 
occluder 30 is used in a hemoglobinometer, the dot 34 may 
simply comprise an opaque layer of metal, Which should 
fairly effectively occlude transmission of both visible light 
and near-infrared radiation. 

The relative siZes of the plate 32 and dot 34 can be varied 
as desired. In carrying out the method described beloW, it is 
desirable for the user to be able to readily position the dot 34 
out of the radiation path 80. Nonetheless, in order to 
minimiZe any unWanted variation in the optical properties of 
the system, some portion of the plate 32 should be posi 
tioned in the radiation path during each of the measurements 
made by the system. In one embodiment Which has been 
found to Work Well, a glass plate transmissive of visible light 
and near-infrared radiation having a centrally positioned dot 
34 of metal foil at about 1A of an inch (about 6.5 mm) in 
diameter has been found to suf?ce for use in a hemoglobi 
nometer. 

FIG. 5 illustrates an alternative occluder 30 for use With 
the invention. The occluder of FIG. 4 utiliZes a single dot 34 
centrally located and, as described more fully in connection 
With the method beloW, different fractions of this single dot 
are positioned Within the radiation path in each of the 
separate readings Which are taken. The embodiment of FIG. 
5, though, provides a plurality of differently siZed occluding 
dots 34a, 34b and 34c on its surface. The construction of this 
occluder of FIG. 5 can be substantially the same as that of 
FIG. 4. The differently siZed dots, though, Will permit one to 
centrally locate a different siZed dot Within the radiation path 
80 for each of the measurements taken, With the nature of the 
radiation striking the sample holder varying accordingly. 
Some combination of these tWo techniques could also be 

useful in the invention. If one is taking three separate 
measurements, one can simply provide an occluder With tWo 
differently siZed dots and one suitably siZed area of the plate 
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32 Which does not have a dot. By positioning the area 
Without a dot and the tWo differently siZed dots in the 
radiation path at different times, one can achieve three 
different radiation patterns striking the sample. 

FIG. 6 shoWs another alternative embodiment of an 
occluder 30 in accordance With the invention. Once again, 
this occluder includes a plate 32 Which is highly transmis 
sive of the relevant Wavelength(s) of light. Whereas the 
occluders in FIGS. 4 and 5 utiliZe no more than one 
relatively large dot for each position of the occluder, the 
occluder of FIG. 6 utiliZes a different pattern of smaller dots 
at the three measurement locations 35a, 35b and 35c. In 
position 35a, the occluder may have no dots applied, i.e., the 
radiation Will pass through just the plate 32. In each of the 
second and third positions, an array of smaller dots are 
arranged on the plate 32 at a location Where they Will be 
positioned in the optical path 80 of the analyZer When the 
occluder is in the corresponding position. 
The array of dots in the second position 35b is different 

from the array of dots in the third position 35c. In the 
illustrated embodiment, the dots in each of these tWo posi 
tions are of about the same siZe. HoWever, the number of 
dots in the second position is less than the number of dots in 
the third position. If so desired, the number of dots can be 
left substantially the same in the second and third positions, 
but the siZes of the dots may be different. For eXample, the 
dots in the third region 35c may be signi?cantly larger than 
the dots in the second region 35b. It is believed that both of 
these approaches Would yield the desired effect in carrying 
out the method of the invention. 

In most embodiments of the invention, the occluder 30 
should be movable from one position to another to control 
the nature of the radiation striking the sample holder 50. 
FIG. 7 schematically illustrates one simple Way of achieving 
this. The occluder 30 is positioned in a frame 40 Which 
permits one to move the occluder betWeen the different 
positions. In this schematic draWing, the frame 40 is shoWn 
as being connected to a motor 46 by means of teeth 42 on 
the frame engaging a toothed gear 44 driven by the motor. 
Any suitable engagement betWeen the motor and the 
occluder Would Work equally Well. In order to achieve 
precise position of the occluder for each and every run, the 
motor may have some positive reference point to de?ne a 
home position and a precise Way of determining the distance 
traveled. A common stepper motor should serve this func 
tion Well. 

In an alternative embodiment illustrated in FIG. 11, the 
occluder may 30 comprise tWo separate plates. In particular, 
the occluder of this embodiment comprises tWo separate 
polariZing plates 100 and 110 positioned in sequence along 
the optical path 80 of the light. Each of these polariZing 
plates desirably includes a polariZing ?lter; optical quality 
polariZing glass serving this function is Widely commer 
cially available. In the illustrated embodiment, one polariZ 
ing plate 100 is positioned betWeen the radiation source 20 
and the sample 50 While the other polariZing plate 110 is 
positioned betWeen the sample and the detector 60. 

Changing the relative orientation of the tWo polariZing 
plates betWeen three different positions in the manner out 
lined beloW Would appear to permit functionality similar to 
that provided by the dots 34 discussed above. There are 
some differences betWeen these methods (e.g., the dots more 
directly affect both the total amount of light impinging on 
the sample in the ?rst place and the dots are minimally 
affected by optical activity in the sample). Even so, moving 
these polariZing plates 100 and 110 from one relative 
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position to another can be considered to change the position 
of the occluder from one position to another in that the 
percentage of radiation occluded by the occluder Will change 
as the plates are moved from one relative position to another 
relative position. 

The relative positions of the polarizing plates 100 and 110 
of the occluder can be altered by simply rotating one of the 
plates With respect to the other about an axis generally 
orthogonal to the plates themselves. This can be done by 
rotating one or both of the plates using a suitable motor. For 
example, in a ?rst position for taking a ?rst radiation 
reading, the polariZing plates can be oriented so that their 
polariZing effects are in phase, permitting virtually all of the 
light striking the second plate 110 to pass therethrough if 
there is no change in the orientation of the radiation (e.g., 
light Waves) by the sample. The second plate 110 can then 
be rotated a predetermined angle (say about 45°) about an 
axis generally perpendicular to both of the plates 100 and 
110 for a second radiation reading. This Will occlude a 
fraction of the radiation Which Would otherWise pass through 
the second plate 110 if the sample does not change the 
orientation of the radiation. If the second plate is rotated 
again to a different predetermined angle (say a total rotation 
of about 90° from the ?rst position) for a third reading, the 
fraction of the radiation occluded for a non-scattering, 
optically inactive sample Will change again. 

It is not necessary that one or both of the plates 100 and 
110 be rotated With respect to the other. Instead, one of the 
plates may have three differently oriented polariZing areas 
(Wherein the phase orientation of one polariZing area differs 
from the phase orientation of the tWo other polariZing areas) 
and the plate can be moved vertically as discussed in 
connection With FIG. 7. 

FIG. 12 illustrates an analyZer 10‘ in accordance With 
another alternative embodiment of the invention. In this 
alternative analyZer 10‘, there is no need to move a polariZed 
plate. There is a stationary ?rst polariZing plate 100, similar 
to the analyZer of FIG. 11. HoWever, instead of a moveable 
second polariZing plate 110, there are three different polar 
iZing plates 112, 114 and 116 through Which light passes 
after passing through the sample. One of the polariZed plates 
is associated With each of three separate detectors 60a, 60b 
and 60c. By orienting the phases of the three polariZed plates 
at different relative orientations to the ?rst polariZing plate 
100, one can obtain three measurements taking into account 
three different light paths 80a, 80b and 80c. It is believed 
that such an arrangement Would permit one to collect data to 
be used in accordance With the invention (With each of the 
three detectors being used to take one of the readings T1, T2 
and T3 discussed beloW) Without having to physically move 
a plate from one measurement position to another. 

The sample holder 50 should be designed to hold samples 
of the type being measured in the analyZer 10. If these 
samples are solid, the sample holder can simply comprise a 
frame or jig for holding the samples in a precise location. If 
the sample is a liquid, though, the sample holder 50 can 
comprise a vial or cuvette. In a preferred embodiment, the 
vial or cuvette is removable so that it can be discarded after 
use With a single sample to minimiZe the risk of cross 
contamination. 

The vial or cuvette 50 desirably has a ?uid-receiving Well 
52 de?ned betWeen tWo precisely spaced-apart Walls 54 and 
56. These Walls should be highly transmissive of the Wave 
lengths of radiation of interest. The space betWeen the Walls 
54, 56 Will essentially de?ne the relevant path length of 
radiation passing through the sample, at least if the sample 
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10 
is non-scattering. Since variations in this path length can 
have a signi?cant impact on the measured transmittance, it 
is important to ensure that the space betWeen the Walls 54 
and 56 remain substantially the same from one measurement 
to another. The exact distance betWeen the tWo plates is not 
as relevant as is the consistency of this measurement from 
one vial or cuvette to the next. 

At least a portion of the radiation passing through the 
sample holder 50 is collected in a radiation detector 60. The 
radiation detector Will vary With the nature of the radiation 
source 20. For example, the radiation detector may include 
a lens set 62 for directing visible light on a photomultiplier 
tube, photodiode or similar detector 70. In the illustrated 
embodiment, the lens set includes tWo lenses 64, 66. Any 
suitable number of lenses Which Will serve to direct the 
desired cone of light onto the detector to accurately de?ne a 
speci?c radiation path 80 Will suf?ce. 
One can vary the arrangement of the lens set 62 and the 

area of the sample holder 50 on Which the lens set focuses 
the detector. One potential source for error, though, is 
radiation traveling through the sample holder itself. It is 
possible for light, for example, to propagate through the 
sides of the sample holder, going from one side of the holder 
to the other Without passing through the sample. Although 
this can be handled, at least in part, by making the sideWalls 
opaque, one could instead focus the lens set 62 to image an 
area of the sample holder spaced from the sides of the 
sample holder onto the detector to minimiZe the impact of 
this anomaly. 
As noted above, the present invention provides a method 

for measuring radiation absorption of a sample Which may 
or may not scatter that radiation. In a particularly preferred 
embodiment, the method Will permit one to determine both 
the nature of the scattering, if any, caused by the sample and 
the impact of that scattering on the total transmission 
measurements. 

For purposes of convenience, the method of the present 
invention Will be discussed in connection With the analyZer 
illustrated in FIGS. 1—7. It should be understood, though, 
that these draWings are simply used for purposes of conve 
nience and that other, different analyZer con?gurations may 
also be used in accordance With the present method. 

FIG. 8 schematically illustrates an embodiment of a 
method of the invention. In accordance With this method, a 
sample is placed in the sample holder 50. The sample holder 
is positioned along the radiation path 80 so that radiation 
emitted by the radiation source 20 Will be directed through 
the sample and the transmitted radiation Will be detected by 
the radiation detector 60. 

Aseries of transmittance measurements are then taken. In 
the schematic ?oW chart of FIG. 8, an indexing number n is 
initially set at 1. The occluder is then positioned at the 
corresponding position, i.e., its ?rst position. In the embodi 
ment illustrated in FIG. 1, this Would comprise positioning 
the occluder 30 shoWn in FIG. 4 With the centrally located 
dot 34 positioned generally outside the radiation path 80. 
The radiation Will pass through the glass plate 32, but the dot 
Will have no impact on the nature of the radiation striking the 
sample in the sample holder 50. 

Once the occluder is positioned in its ?rst position, 
radiation is directed at the sample from the radiation source 
20 along radiation path 80. The intensity of the radiation 
passing through the sample and collected by the radiation 
detector 60 is then measured and recorded as the ?rst 
radiation measurement T1. In the case of a 
hemoglobinometer, this Would comprise measuring the 
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transmittance of the relevant Wavelength(s) of light, such as 
measuring the intensities of 650 nm, 660 nm, 685 nm and 
810 nm light sources passing through the sample. 

Once the ?rst transmission measurement is recorded, the 
process is repeated, With the indexing indicator n being 
incremented by 1. The occluder is then positioned at the 
second position. As illustrated in FIG. 2, if the occluder 30 
of FIG. 4 is used, a portion of the dot 34 may be positioned 
in the radiation path 80, With another portion of the dot 34 
positioned outside. In the schematic illustration of FIG. 2, 
about half of the dot is included Within the radiation path 
While about half of the dot is positioned outside. 

Once the occluder is in position, the radiation Will once 
again be directed at the sample and a second measurement 
Will be taken With the radiation detector. This second mea 
surement Will be recorded as the second radiation measure 
ment T2. 

This process is then repeated at least one more time. In the 
embodiment illustrated in FIG. 3, the dot 34 is positioned 
entirely Within and generally centered along the axis of the 
radiation path 80. Radiation from the radiation source 20 is 
again directed at the sample and a third radiation measure 
ment T3 is recorded. In one embodiment Which has been 
found to Work Well, the dot 34 is only slightly smaller than 
the cross-sectional area of the cone of radiation emanating 
from the source at the point Where the occluder 30 is 
positioned. This Will still alloW a halo of radiation to strike 
the sample, Which Will tend to further accentuate the effects 
of scattering on the radiation measurement T3. 

In recording the ?rst, second and third radiation 
measurements, one can take a single measurement With the 
radiation detector for a ?xed period of time. In a preferred 
embodiment, though, each of the ?rst, second and third 
radiation measurements is actually an average of a number 
of individual measurements. If the radiant element 24 com 
prises a light emitting laser diode, 24a, for example, one can 
pulse such a diode for short periods of time. In one preferred 
embodiment, the laser diode is pulsed at least about 10 times 
during the course of each “measurement”. The ten resulting 
readings can then be averaged together to produce the 
“measurement”. If a plurality of radiant elements at different 
Wavelengths (e.g., diodes 24a—24a') are used, each element 
desirably radiates at a different time so that at least one 
separate measurement can be taken for each element at each 
occluder position. 

FIG. 8 is based on an assumption that a total of three 
separate radiation measurements Will be taken. While at 
least three radiation measurements should be taken in accor 
dance With the present method, one could take more radia 
tion measurements at different positions of the occluder, 
simply by repeating the loop, as outlined above (i.e., by 
changing the decision “n23?” in FIG. 8 to “n§4?”, “nZST’”, 
etc.). 

The differences in the position of the occluder in each of 
the three measurements yields a different radiation pattern 
impinging on the sample holder 50. (In the embodiments of 
FIGS. 11 and 12 using polariZers, the occluder instead 
differently conditions the light impinging on the sample 
holder and passing through to the detector, but these tWo 
polariZer-based systems are believed to provide similar 
functionality, as noted above.) 

In the ?rst position illustrated schematically in FIG. 1, the 
full intensity of the radiation is directed against the sample 
holder and this intensity is desirably substantially uniform 
across the entire surface of the sample holder. In the second 
position illustrated in FIG. 2, the occluder Will occlude a 
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portion of the radiation impinging on the sample. The dot not 
only reduces the intensity of the radiation striking the 
sample holder, but also changes the relative intensities of the 
radiation striking different areas of the sample holder. In the 
third position illustrated in FIG. 3, the occluder 30 Will have 
the dot 34 substantially entirely Within, and perhaps gener 
ally centered along the axis of, the radiation path 80. This 
Will further change both the total intensity of the radiation 
impinging on the sample holder 50 and the relative intensity 
of the radiation across the surface of the sample holder. 

Changing both the intensity of the radiation striking the 
sample and the relative intensity of the radiation over the 
surface of the sample Will change the relative impacts of true 
absorption effects of the sample and the scattering effects of 
the sample. For example, When the dot 34 is substantially 
centered Within the radiation path, as illustrated in FIG. 3, 
the amount of light Which Would be directly transmitted 
through the sample Will be reduced While the effects of 
scattering on the total measured transmittance Will be aug 
mented. Stated another Way, the effect of light being scat 
tered from the peripheral portions of the sample in FIG. 3 
Will become a more prominent fraction of the total radiation 
impacting on the detector 60 than When the occluder is in the 
position shoWn in FIG. 1. 
As noted above, the embodiments of FIGS. 11 and 12 do 

not employ any occluding dots. Instead, the occluder com 
prises at least tWo polariZing plates. In the analyZer of FIG. 
11, the light is polariZed as it passes through the ?rst 
polariZing plate 100, i.e., the polariZing plate Will permit 
only light Waves With a certain range of angular orientations 
to pass therethrough, re?ecting the rest of the light Waves. 
The polariZed light then passes through the sample and 
impinges on the second polariZing plate 110. If the ?rst and 
second polariZing plates are in phase With one another and 
the sample is neither scattering nor optically active, essen 
tially all of the light striking the second polariZing plate 110 
Will pass therethrough. By changing the relative orientation 
of the ?rst and second plates (i.e., by varying the phase 
relationship of the tWo plates), one Will reduce the amount 
of light transmitted through the second polariZing plate if the 
sample is neither scattering nor optically active. When the 
phase relationship betWeen the tWo plates is about 90°, very 
little light (in theory, no light at all) Will pass through the 
second polariZing plate for such a sample. 

Light passing through a scattering sample Will be scat 
tered in different directions along the optical path. As a 
result, the polariZed light striking the sample Will no longer 
be neatly oriented With the second polariZing plate 110 by 
the time it strikes that plate. As a result, less of such scattered 
light Will pass through the second polariZing plate and strike 
the detector 60 When the tWo plates 100 and 110 are in phase 
With one another and more light Will pass through the second 
plate When the tWo plates are oriented 90° out of phase. If 
the sample is suf?ciently scattering, the light exiting the 
sample and striking the second polariZing plate Will be 
essentially randomly oriented. As a result, the amount of 
light passing through the second polariZing plate 110 Will 
remain substantially the same regardless of its orientation 
With respect to the ?rst plate 100. Consequentially, a com 
parison of the relative intensities of the ?rst, second and 
third radiation measurements taken using the embodiment of 
FIG. 11 Will give some indication of the degree to Which the 
sample scatters light. 
The ?rst, second and third radiation measurements 

(regardless of What embodiment of an analyZer is employed) 
can be thought of as comprising tWo separate effects of the 
sample on the radiation. One of these effects is the “true” 
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absorption, While the other is a scattering effect. As used 
herein, the “true” absorption of the sample is the absorption 
level one Would observe if the sample Were non-scattering 
and the light Were simply to traverse the sample in a 
relatively straight-forWard manner. 
As used herein, the term “scattering effects” is used to 

refer to a sum of the impacts on the measured transmittance 
caused by the scattering particles. Some radiation Will fail to 
reach the detector 60 due to back scattering of the radiation 
in a direction aWay from the detector, such as out the sides 
of the sample holder or back toWard the illumination source. 
In addition, the “scattering effects” include the often sub 
stantial increase in absorption by the sample attributable to 
the increased mean path length of light therethrough as it 
bounces from particle to particle on the Way to the detector 
60. If the embodiment of FIG. 11 or FIG. 12 is used, the 
“scattering effects” Will also include a randomiZation of the 
orientation of the previously polariZed light striking the 
sample. 

In order to determine the relative impacts of scattering 
and absorption, the ?rst, second and third radiation mea 
surements are compared to one another. In particular, tWo 
ratios are determined. The ?rst ratio, referred to as “0t”, is the 
ratio of the ?rst radiation measurement T1 to the second 
radiation measurement T2. The other ratio, referred to as 
“[3”, is the ratio of the ?rst radiation measurement T1 to the 
third radiation measurement T3. Hence, 

If more than three measurements are taken, additional 
ratios can be calculated. Presumably, each of these ratios 
Would involve comparing the ?rst transmission measure 
ment to another measured transmittance ratio (i.e., X=T1/T4, 
6=T1/T5, etc.). Such additional measurements and calcula 
tions are not believed to be necessary. While additional 
measurements may further increase the accuracy of the 
device by providing additional reference points, such refer 
ence points are not believed to be necessary and taking the 
measurements Would likely increase processing time for 
each sample and reduce the throughput of the device. 

Once the values of 0t and [3 have been determined, they 
can be compared to a look-up table of 0t and [3 values. The 
look-up table Will correlate the calculated 0t and [3 values to 
speci?c contributions to optical density from the scattering 
effects, i.e., the value of S in FIG. 10. The scatter effects can 
then be mathematically factored out of the transmission 
measurements to achieve the “true” absorption measurement 
for the sample. 

The formula for the transmittance of a sample can be 
stated as folloWs: 

Transmittance=absorption transmissionxscattering transmission 

One can use the look-up table to determine the speci?c 
contributions to the transmittance from the scattering effects, 
i.e., the “scattering transmission”. For example, if one Were 
to determine that scattering causes a transmission loss of 
20%, the scattering transmission in the above formula could 
be stated as 0.80. As a consequence, one can determine the 
“true” absorption of a particular sample simply by dividing 
the measured transmittance by the determined scattering 
transmission. 

The look-up table can be created by measuring a series of 
samples having knoWn absorption values and storing the 0t 
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14 
and [3 values for those samples in the table. By comparing 
the 0t and [3 values for a particular sample to the previously 
collected measurements in the table, one should be able to 
reasonably accurately match up the sample With a knoWn 
reference. To the eXtent the measured values fall betWeen the 
readings in the table, one may be able to interpolate betWeen 
the table entries to further re?ne the precision of the mea 
surement Without greatly sacri?cing accuracy. 
Even With fairly tight manufacturing tolerances, there Will 

be some variability betWeen the optical parameters from one 
machine to the neXt. One could measure the entire set of 
samples and generate a neW look-up table for each indi 
vidual machine. In most circumstances, though, such a long 
process should be unnecessary if the manufacturing toler 
ances are suf?ciently tight. Instead, one can simply measure 
a smaller number, such as three or four, samples having 
knoWn optical properties for each machine and use those 
measurements to calibrate the machine. Such calibration can 
be mechanical (e.g., by adjusting optical parameters) or 
incorporated in the calculation process (e.g., by incorporat 
ing a calibration/correction factor into softWare used to 
process the data collected). 

In a further embodiment of the invention, illustrated in 
FIG. 9, the method also employs a separate set of reference 
measurements to Which the above 0t and [3 values are 
compared. As shoWn in FIG. 9, essentially the same mea 
surement process is carried out on the sample—the sample 
is placed in the sample holder and at least three measure 
ments (T1, T2 and T3) are taken With the occluder at different 
positions and the values of 0t and [3 can be calculated. Much 
the same thing is done again With a reference standard 
replacing the sample in the sample holder, yielding three 
different measurements and reference values for or and [3. To 
distinguish the ratios calculated for the sample from the 
reference ratios, the sample ratios are designated as and [3 5 
While the reference ratios are designated 0t, and [3,. 

The reference measurements can be taken before or after 
the measurements for the sample. The reference measure 
ments Will be needed to calculate the ?nal results for the 
sample as detailed beloW, though. To save time, one can take 
the reference measurements once for comparison to trans 
mission measurements for a number of different samples. 
Although the reference measurements should be taken peri 
odically to make sure the device is properly calibrated, the 
reference measurements should not change substantially 
over time Without signi?cant changes in the measuring 
device. If there are signi?cant changes, such as signi?cant 
temperature variations, a change in the light source, etc., 
collecting a neW set of data for the reference standard should 
alloW one to correct for such variations, as discussed beloW. 
The reference standard can be formed of a variety of 

materials. The primary purpose of the reference is to de?ne 
a standard to Which sample measurements can be compared. 
It is preferred that the reference standard behave in a manner 
similar to a sample Which scatters the source radiation so the 
nature of the sample’s scattering can be compared to the 
nature of the reference standard’s scattering. The reference 
can simply comprise a ?uid of a knoWn composition and 
having knoWn properties placed in a standard sample holder. 
Care should be taken to ensure that the scattering particles 
are suitably suspended in the liquid to ensure that the 
reference Will yield the eXpected results. 

In one preferred embodiment Which has particular utility 
for use in connection With a hemoglobinometer, the refer 
ence standard is instead a blank formed of Delrin, a trade 
name for a commonly available translucent acetal resin 
commercially available from a number of sources. Delrin 
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scatters radiation in the visible and near infrared regions in 
a manner similar to the manner in Which red blood cells in 
a blood sample scatter such radiation. Instead of placing a 
reference ?uid in a standard sample holder, the Delrin 
reference can comprise a solid blank having about the same 
shape and siZe as the sample holder. This Will help ensure 
that the reference standard remains stable not only during a 
single set of readings T1, T2 and T3, but Will also yield 
predictable, reproducible results from one run to the next. 

Once the transmission measurements have been taken for 
both the sample and the reference standard, the results for 
these tWo sets of data can be compared. The goal of this 
comparison is to determine at least the nature of the scat 
tering of the sample, i.e. Whether it is coherent or incoherent, 
and, ideally, also to determine the effects of the scattering on 
the transmission measurements for the sample. The com 
parison can be conducted in any manner Which Will achieve 
this end. One comparison Which has been found useful 
compares the values X and Y calculated as folloWs: 

Y 
1-B. 1-11, 

Both X and Y involve a comparison of the behavior of the 
sample to the behavior of the reference When subjected to 
the same radiation, i.e. When the occluder is in the same 
relative positions. The variable X involves a comparison of 
the effects of the occluder in its second position on the 
transmission measurements for the sample and the reference 
standard; the variable Y involves a comparison of the effects 
of the occluder in its third position on the transmission 
measurements for the sample and the reference standard. 

One can calculate a third variable Z as X-Y. If X and Y 
are the same, i.e., Z=0, the sample is scattering in much the 
same fashion as is the reference. Ideally, X and Y Would be 
identical, but in reality there Will be some natural variability 
in these measurements. Hence, if X is approximately the 
same as Y, i.e., Z is relatively small, one can still make the 
same assumption. As a result, if X and Y are approximately 
the same and the reference standard behaves as an incoher 
ently scattering sample, the sample must be incoherently 
scattering. As the effects of incoherent scattering are sub 
stantially constant, one can assume that the scattering offset 
(S in FIG. 10) is a ?xed value and factor that ?xed optical 
density offset out of the transmission results to determine the 
“true” absorption for the sample as outlined above. 

If X and Y are different and the reference standard 
behaves as an incoherently scattering sample, one can pre 
sume that scattering is not incoherent, but that does not 
necessarily dictate that the sample is scattering coherently. 
In particular, if the values as and [35 for the sample are 
approximately the same despite the differences in the light 
pattern striking the sample at the second and third positions, 
this indicates that the sample is essentially non-scattering 
and that the scattering offset S for the sample should be Zero. 

Finally, if the sample is determined to be scattering (i.e. 
(XS#[3S) and is not incoherently scattering, it must be coher 
ently scattering, i.e. it is less thanAor greater than B in FIG. 
10 if the sample is Whole blood. As discussed above, the 
effects of coherent scattering on transmittance measure 
ments Will vary depending on the magnitude of the scatter 
ing effect. (This Will depend on the concentration of the 
scattering particles in the sample, among other factors.) 

One can de?ne a ratio A of the measured transmission of 
the sample to the variable Z noted above, i.e. the difference 
betWeen the values X and Y. it has been determined that 
there is a fairly linear relationship betWeen the hematocrit 
and this ratio A. 
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16 
EXPERIMENTAL EXAMPLE 

To demonstrate the effectiveness of the present invention 
in accurately measuring absorption for scattering samples, a 
series of measurements Were taken in accordance With the 
method and the results of those measurements Were com 
pared to the measurements made using a standard, commer 
cially available analyZer. An analyZer constructed essentially 
as described above in connection With FIG. 1 Was provided. 
The light source comprised an internally re?ective sphere 22 
With four separate laser diodes 24a—24a'. The sphere Was 
purchased from Labsphere, Inc. of North Sutton, NH, USA 
as number CA-03122-000 CSTM-IS-030-SF. This sphere is 
a 3-inch internally re?ective sphere With an internal baf?e. 

Although further details are available from the 
manufacturer, the sphere generally comprised tWo spun 
aluminum hemispheres joined to one another. The interior of 
each hemisphere Was coated With Spectra?ectTM, a White, 
highly re?ective coating Which exhibits lambertian proper 
ties. The assembled sphere had three ports, each of Which 
had an inner diameter of about one inch (about 2.5 cm). TWo 
of the ports Were diametrically opposite one another While 
the third Was located about 90° from each of the other ports. 
One of the opposed ports served as a light inlet While the 
opposite port Was plugged With a re?ective plug. The third 
port served as the side opening 26 through Which light exited 
the sphere. A re?ective baf?e extended radially inWardly 
from the inner surface of the sphere at a location betWeen the 
light inlet and the third port. 

Four laser diodes Were positioned adjacent the light inlet. 
These diodes emitted light at 650 nm, 660 nm, 685 nm and 
810 nm. The ?rst three Were purchased from Toshiba as 
model numbers TOLD 9412, TOLD 9321 and TOLD 9111, 
respectively. The 810 nm laser diode Was Sharp model 
number LT010MD. 

The occluder 30 comprised a 2 inch by 2 inch (5.08 
cm><5 .08 cm) glass plate 32 With a single dot 34 formed of 
chrome vacuum deposited on the plate, yielding a dot Which 
had an optical density of 4 or greater across a Wavelength 
range of 600—1100 nm. The dot Was about 0.209 inches 
(about 5.31 mm) and Was centered on the glass plate. The 
plate and the dot Were overcoated With layer of silicone 
monoxide and both sides of the plate Were coated With an 
antire?ective layer. 
The occluder Was positioned about 0.1 inches (about 2.5 

mm) from the side opening 26 in the sphere. The position of 
the occluder Was controlled by a stepper motor 46 Which Was 
originally designed for use in moving the head of a hard disc 
drive of an electronic data storage system. 

The sample holder 50 Was a disposable cuvette formed of 
acrylic. The Walls 54, 56 of each cuvette Were each about 
0.050 inches (about 1.27 mm) thick and Were spaced from 
one another about 0.048 inches (about 1.22 Each 
sample being measured in the system Was placed in a fresh 
cuvette. The reference standard comprised a blank of trans 
lucent White Delrin Which Was about 0.14 inches (about 3.6 
mm) thick Where light passes therethrough and its external 
dimensions Were similar to those of the cuvettes to enable it 
to be readily used in place of the cuvettes in the analyZer. 
The radiation detector 60 comprised a 6DP silicon pho 

todiode purchased from United Detector Technology. Apair 
of lenses focused the radiation detector on an area of about 
0.25 inches (about 6.4 mm) in diameter on the back Wall 56 
of the cuvette. 

An initial set of “air” measurements Was taken With no 
sample in the sample holder. With the occluder in the ?rst 



5,963,335 
17 

position (Where the glass plate Was positioned Within the 
cone of light emanating from the source, but the dot Was 
positioned outside the cone), intensity measurements Were 
taken for each diode 24a—24d and a ?fth measurement Was 
taken With no light source at all (to measure stray or 
background light in the system). A series of at least 10 
measurements Were taken for each light source and these 
measurements Were averaged together to yield a ?rst inten 
sity measurement for the occluder’s ?rst position for each 
light source. 

The occluder Was then moved into a position Where the 
dot 34 Was positioned about half in the cone of light 
emanating from the source and about half outside that cone. 
A second set of ?ve measurements (one With no active light 
source and one for each light source) Were taken With the 
occluder in this position, With each measurement being an 
average of at least 10 individual measurements. Finally, the 
occluder Was moved into a third position Wherein the dot 
Was entirely encompassed Within and substantially centered 
in the cone of light. A third set of ?ve averaged measure 
ments Were then taken. 

A sample holder Was then ?lled With distilled Water and 
the sample holder Was placed betWeen the occluder and the 
radiation detector. The occluder Was positioned in the ?rst 
position described above and a set of ?ve averaged intensity 
measurements Were taken. The same Was then done With the 
occluder in the second position to generate a second set of 
intensity measurements and in the third position to generate 
a third set of intensity measurements. 

The sets of intensity measurements Were used to calculate 
the transmittance of the distilled Water sample at each 
Wavelength. In a knoWn fashion, the transmittance of the 
sample at each Wavelength in the ?rst set of measurements 
Was calculated by subtracting the background (no light) 
measurement from the ?rst set of measurements and divid 
ing that result by the analogous number for the air measure 
ment. This yielded a T1 transmittance measurement for each 
Wavelength. The same Was done to generate T2 and T3 
transmittance measurements from the second and third sets 
of intensity measurements, respectively. Finally, the values 
of as and [35 Were calculated for each Wavelength. These (x5 
and [35 values, as Well as the various sets of intensity 
measurements and the T1, T2 and T3 measurements are listed 
in Table 1: 

TABLE 1 

LIGHT SOURCE 

Measurement No Light 650 nm 660 nm 685 nm 810 nm 

AIR 

NO DOT 0.0115 0.8483 0.8637 0.8775 0.9173 
PARTIAL DOT 0.0115 0.4843 0.4927 0.5006 0.5285 
FULL DOT 0.0129 0.2553 0.2591 0.2631 0.2757 
DISTILLED H2O 

NO DOT 0.0119 0.7824 0.7979 0.8123 0.8491 
PARTIAL DOT 0.0119 0.4534 0.4617 0.4704 0.4964 
FULL DOT 0.0135 0.2396 0.2435 0.2479 0.2598 
TRANSMIT'TANCE 

T1 0.92081 0.92235 0.92433 0.92439 
T2 0.93375 0.93493 0.93743 0.93722 
T3 0.93294 0.93419 0.93684 0.93722 
0L5 0.98614 0.98654 0.98602 0.98632 
|3S 0.987 0.98732 0.98665 0.98632 

As can be seen from these results, the transmittance 
values Were relatively high, as one Would eXpect for distilled 
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Water. The values of as and [35 Were fairly close to one 
another. This indicates that the sample behaves about the 
same regardless of the fact that the light source may be 
signi?cantly less direct When the occluder is in one position 
(e.g., the second position) than it is in another (e.g., the third 
position). As distilled Water is non-scattering, this bears out 
the anticipated relationship betWeen as and [35 for such a 
sample. 

Next, the transmittance of the Delrin reference standard 
discussed above Was measured. In a manner directly com 
parable to that used above in connection With the distilled 
Water sample, sets of intensity measurements Were taken 
both in air and With the reference standard in place of the 
sample holder. The values of T1, T2 and T3 for the reference 
standard Were calculated. These values Were then used to 
calculate 0t, and [3, for the reference in accordance With the 
formulas set forth above. The intensity measurements, as 
Well as the calculated values for T1, T2, T3, 0t, and [3, for 
each Wavelength are listed in Table 2. 

TABLE 2 

LIGHT SOURCE 

Measurement No Light 650 nm 660 nm 685 nm 810 nm 

AIR 

NO DOT 0.0130 0.8666 0.8742 0.8927 0.9149 
PARTIAL DOT 0.0130 0.3808 0.3839 0.3920 0.4072 
FULL DOT 0.0155 0.2261 0.2276 0.2319 0.2334 
DELRIN STANDARD 

NO DOT 0.0131 0.0616 0.0620 0.0644 0.0667 
PARTIAL DOT 0.0131 0.0420 0.0422 0.0438 0.0462 
FULL DOT 0.0155 0.0376 0.0378 0.0388 0.0416 
TRANSMIT'TANCE 

T1 0.06162 0.06152 0.06302 0.06422 
T2 0.08423 0.08408 0.08633 0.08969 
T3 0.11234 0.11264 0.11473 0.1274 
ozI 0.73162 0.73167 0.72996 0.71604 
|3I 0.54854 0.54615 0.54931 0.50413 

Ablood sample having a knoWn hematocrit fraction (Hct) 
of about 0.10 Was prepared. The sample Was prepared by 
spinning doWn a dog blood sample to separate the plasma 
and pack doWn the red blood cells. The plasma and the 
packed red blood cells Were then miXed together at a ratio of 
about 9:1, to yield a sample With a fractional volume of red 
blood cells of about 10%, i.e., Hct=0.10. A volume of this 
prepared sample Was placed in a fresh sample holder and the 
sample holder Was placed in the analyZer. This sample Was 
subjected to the same measurement process as Was carried 
out on the distilled Water sample and the Delrin reference 
standard. The resulting values of T1, T2, T3, (x5 and 62 S are 
shoWn in Table 3. (The sets of intensity measurements have 
been omitted solely in the interest of brevity.) In addition, 
the values of X and Y Were calculated using these as and [35 
values and the values of (Xr and Br obtained from the Delrin 
reference standard and listed in Table 2 above. 

TABLE 3 

LIGHT SOURCE 

Measurement 650 nm 660 nm 685 nm 810 nm 

T1 0.09285 0.09456 0.09908 0.08689 
T2 0.11016 0.11150 0.11808 0.10225 
T3 0.11683 0.11921 0.12556 0.11007 
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TABLE 3-continued 

LIGHT SOURCE 

Measurement 650 nm 660 nm 685 nm 810 nm 

0L5 0.84282 0.84802 0.83908 0.84984 
[55 0.79471 0.79319 0.78905 0.78946 
X 0.586 0.566 0.596 0.529 
Y 0.455 0.335 0.468 0.425 
Z = |X — Y| 0.131 0.111 0.128 0.104 

As can be seen from Table 3, this yielded X and Y values 
which are fairly different—at each wavelength, Z was at 
least 20% of Y. As these values clearly are not approximately 
the same, one can tell that the sample is not incoherently 
scattering. Furthermore, since as and [35 are not approxi 
mately the same, one can tell that the sample does scatter, so 
the scattering must be largely coherent in nature. 

The same procedure was carried out on one sample 
having a known Hct of about 0.20 and another sample 
having a known Hct of about 0.30. The values of T1, T2, T3, 
as and [35 are shown in Tables 4 and 5, respectively. As can 
be seen from both of these samples, the values of X and Y 
are approximately the same. 

TABLE 4 

LIGHT SOURCE 

Measurement 650 nm 660 nm 685 nm 810 nm 

T1 0.06606 0.0684 0.07226 0.05204 
T2 0.07966 0.08275 0.08798 0.06347 
T3 0.09118 0.0955 0.10109 0.07337 
as 0.82929 0.82662 0.82136 0.81998 
|3S 0.72452 0.71624 0.71484 0.7093 
X 0.636 0.646 0.662 0.634 
Y 0.610 0.625 0.633 0.586 
Z = IX — Y| 0.026 0.021 0.029 0.048 

TABLE 5 

LIGHT SOURCE 

Measurement 650 nm 660 nm 685 nm 810 nm 

T1 0.04775 0.05095 0.05462 0.03209 
T2 0.05782 0.06186 0.06706 0.03954 
T3 0.06901 0.0735 0.08006 0.04748 
as 0.82587 0.82359 0.81444 0.81156 
|3S 0.69193 0.69319 0.68215 0.67573 
X 0.649 0.657 0.687 0.664 
Y 0.682 0.676 0.705 0.654 
Z = IX — Y| 0.033 0.019 0.018 0.010 

The values of X and Y for these two samples are much 
closer than the values listed in Table 3 for the 0.10 Hct 
sample. In the data listed in Table 5 for the 0.30 Hct sample, 
the value of Z at each wavelength is no more than about 5% 
of the X and Y values, with the Z measurements at most 
wavelengths being less than 3% of those values. It seems 
safe to conclude that these samples are incoherently scat 
tering because X and Y do not differ by very much. In 
correcting these transmission measurements, one could sim 
ply assume that the scattering is a ?xed number and can 
factor out this ?xed offset as outlined above. 

In the data listed in Table 4 for the 0.20 Hct sample, this 
is not as clear—the values of Z range from a little over 3% 
to about 8%. One could assume this sample is incoherently 
scattering at least those wavelengths with the lower Z values 
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20 
and correct the measurements by factoring out the ?xed 
scattering offset. However, it may not be as accurate to make 
this assumption for the wavelengths with the higher values 
of Z. Accordingly, it would be advisable for those wave 
lengths to assume that the sample may be coherently scat 
tering and to use a lower value for the scattering offset. The 
precise scattering offset can be determined, for example, by 
looking up the value in a look-up table or by calculating the 
value relying on the generally linear relationship with the 
hematocrit, as mentioned above. 
While a preferred embodiment of the present invention 

has been described, it should be understood that various 
changes, adaptations and modi?cations may be made therein 
without departing from the spirit of the invention and the 
scope of the appended claims. 
What is claimed is: 
1. A method of measuring radiation absorption of a 

sample, comprising: 
a) providing an analyzer including a radiation source, a 

sample holder, a radiation detector, and a selectively 
operable radiation occluder positioned between the 
source and the detector along a radiation path; 

b) placing a sample in the sample holder; 
c) positioning the occluder at a ?rst position; directing 

radiation from the source toward the sample; and taking 
a ?rst radiation measurement with the detector; 

d) positioning the occluder at a second position, the 
percentage of radiation occluded by the occluder in the 
second position being different from the percentage of 
radiation occluded in the ?rst position; directing radia 
tion from the source toward the sample; and taking a 
second radiation measurement with the detector; 

e) positioning the occluder at a third position, the per 
centage of radiation occluded by the occluder in the 
third position being different from the percentage of 
radiation occluded in either of the ?rst or second 
positions; directing radiation from the source toward 
the sample; and taking a third radiation measurement 
with the detector; 

f) comparing the ?rst, second and third radiation mea 
surements to determine radiation attenuation attribut 
able to scattering by the sample; and 

g) factoring out said radiation attenuation attributable to 
scattering to determine a radiation absorption value for 
the sample. 

2. The method of claim 1 wherein the comparison of the 
?rst, second and third measurements comprises calculating 
a ?rst ratio as a ratio of the second measurement to the ?rst 
measurement; calculating a second ratio as a ratio of the 
third measurement to the ?rst measurement; and comparing 
the ?rst and second ratios to determine whether the sample 
scatters the radiation and, if so, whether the scattering is 
coherent or incoherent. 

3. The method of claim 2 wherein said attenuation attrib 
utable to scattering is factored out if scattering is determined 
to be coherent by dividing out a ?xed scattering coefficient. 

4. The method of claim 2 wherein said attenuation attrib 
utable to scattering is factored out if scattering is determined 
to be incoherent by 

a) subtracting the second ratio from the ?rst ratio; 
b) determining a variable scattering coefficient which is 

directly proportional to the difference between the ?rst 
and second ratios; and 

c) dividing out the variable scattering coefficient. 
5. The method of claim 1 wherein the radiation source 

radiates visible light and the radiation detector is a 
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photometer, the steps of taking said ?rst, second and third 
radiation measurements comprising measuring photons at 
said photometer. 

6. The method of claim 1 Wherein the occluder is posi 
tioned to occlude more radiation in its third position than in 
either its ?rst position or its second position. 

7. The method of claim 6 Wherein the ?rst radiation 
measurement is taken prior to taking the second radiation 
measurement. 

8. The method of claim 7 Wherein the second radiation 
measurement is taken prior to taking the third radiation 
measurement. 

9. The method of claim 1 Wherein the occluder is posi 
tioned along the radiation path betWeen the radiation source 
and the sample container in each of its ?rst, second and third 
positions. 

10. The method of claim 1 Wherein the occluder com 
prises a moveable plate having an area Which is highly 
transmissive of radiation in a predetermined band of Wave 
lengths and at least one area Which is less transmissive of 
radiation in said band of Wavelengths, the occluder being 
moved betWeen its ?rst, second and third position by varying 
the position of the plate With respect to the radiation path. 

11. The method of claim 10 Wherein the plate comprises 
a sheet having a ?rst transmission-reducing dot and a second 
transmission-reducing dot, the second dot having a larger 
surface area than the ?rst dot, the occluder being positioned 
in its ?rst position by positioning the sheet Without any dot 
along the radiation path, in its second position by positioning 
the ?rst dot along the radiation path, and in its third position 
by positioning the second dot along the radiation path. 

12. The method of claim 10 Wherein the plate comprises 
a sheet having a transmission-reducing dot, the occluder 
being positioned in its ?rst position by positioning the sheet 
Without any dot along the radiation path, in its second 
position by positioning a portion of the dot along the 
radiation path, and in its third position by positioning a 
different portion of the dot along the radiation path. 

13. The method of claim 12 Wherein the entire dot is 
positioned along the radiation path When the occluder is 
positioned in its third position, and less than the entire dot 
is positioned along the radiation path When the occluder is 
positioned in its second position. 

14. A method of measuring light absorption of a light 
scattering sample, comprising: 

a) providing an analyZer including a light source, a sample 
holder, a light detector, and a selectively operable 
occluder positioned betWeen the source and the detec 
tor along a light path; 

b) placing a sample in the sample holder; 
c) positioning the occluder at a ?rst position; directing 

light from the source toWard the sample; and taking a 
?rst light measurement With the detector; 

d) positioning the occluder at a second position, the 
percentage of light occluded by the occluder in the 
second position being different from the percentage of 
light occluded in the ?rst position; directing light from 
the source toWard the sample; and taking a second light 
measurement With the detector; 

e) positioning the occluder at a third position, the per 
centage of light occluded by the occluder in the third 
position being different from the percentage of light 
occluded in either of the ?rst or second positions; 
directing light from the source toWard the sample; and 
taking a third light measurement With the detector; 

f) comparing the ?rst, second and third light measure 
ments to determine light attenuation attributable to 
scattering caused by the sample; and 
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g) factoring out said attenuation attributable to scattering 

to determine a light absorption value for the sample. 
15. The method of claim 14 Wherein the comparison of the 

?rst, second and third measurements comprises calculating 
a ?rst ratio as a ratio of the second measurement to the ?rst 
measurement; calculating a second ratio as a ratio of the 
third measurement to the ?rst measurement; and comparing 
the ?rst and second ratios to determine Whether the sample 
scatters the radiation and, if so, Whether the scattering is 
coherent or incoherent. 

16. The method of claim 15 Wherein said attenuation 
attributable to scattering is factored out if scattering is 
determined to be coherent by dividing out a ?Xed scattering 
coef?cient. 

17. The method of claim 15 Wherein said attenuation 
attributable to scattering is factored out if scattering is 
determined to be incoherent by 

a) subtracting the second ratio from the ?rst ratio; 
b) determining a variable scattering coefficient Which is 

directly proportional to the difference betWeen the ?rst 
and second ratios; and 

c) dividing out the variable scattering coefficient. 
18. The method of claim 14 Wherein the occluder is 

positioned to occlude more light in its third position than in 
either its ?rst position or its second position. 

19. The method of claim 18 Wherein the ?rst light 
measurement is taken prior to taking the second light 
measurement. 

20. The method of claim 19 Wherein the second light 
measurement is take prior to taking the third light measure 
ment. 

21. The method of claim 14 Wherein the occluder is 
positioned betWeen the source and the sample container in 
each of its ?rst, second and third positions. 

22. The method of claim 14 Wherein the occluder com 
prises a moveable plate having an area Which is highly 
transmissive of light in a predetermined band of Wave 
lengths and at least one area Which is less transmissive of 
light in said band of Wavelengths, the occluder being moved 
betWeen its ?rst, second and third position by varying the 
position of the plate With respect to the light source. 

23. The method of claim 22 Wherein the plate comprises 
a transparent sheet having a ?rst transmission-reducing dot 
and a second transmission-reducing dot, the second dot 
being larger than the ?rst dot, the occluder being positioned 
in its ?rst position by positioning the transparent sheet 
betWeen the source and the detector, in its second position by 
positioning the ?rst dot betWeen the source and the detector, 
and in its third position by positioning the second dot 
betWeen the source and the detector. 

24. The method of claim 22 Wherein the plate comprises 
a sheet having a transmission-reducing dot, the occluder 
being positioned in its ?rst position by positioning the sheet 
Without any dot along the radiation path, in its second 
position by positioning a portion of the dot along the 
radiation path, and in its third position by positioning a 
different portion of the dot along the radiation path. 

25. The method of claim 24 Wherein the entire dot is 
positioned along the radiation path When the occluder is 
positioned in its third position, and less than the entire dot 
is positioned along the radiation path When the occluder is 
positioned in its second position. 

26. The method of claim 25 Wherein the sample comprises 
a blood sample, further comprising the step of determining 
hemoglobin concentration for the sample based on said light 
absorption value. 

27. The method of claim 14 Wherein the occluder com 
prises a ?rst and second polariZing plates, the ?rst polariZing 
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plate being positioned between the light source and the 
sample holder and the second polarizing plate being posi 
tioned betWeen the sample holder and the light detector, the 
occluder being moved betWeen its ?rst, second and third 
positions by varying the relative orientation of the ?rst and 
second polariZing plates along the optical path. 

28. The method of claim 27 Wherein at least one of the 
?rst and second polariZing plates is rotatable about a rota 
tional aXis generally orthogonal to each of the ?rst and 
second polariZing pates, the occluder being moved from its 
?rst position to its second position by rotating said at least 
one polariZing plate about the rotational aXis to a position 
Wherein the phase relationship of the ?rst and second 
polariZing plates differs from the phase relationship of the 
?rst and second polariZing plates in the ?rst position. 

29. An analyZer for measuring light attenuation of a 
sample comprising: 

a) a light source; 
b) a sample holder; 
c) a light detector; 
d) a selectively controllable light occluder positioned 

betWeen the light source and the light detector along a 
light path, the occluder comprising a plate having an 
area Which is highly transrnissive of light at a prede 
terrnined Wavelength and at least one area Which is less 
transrnissive of light at said Wavelength; and 

e) a motor for moving the occluder betWeen a ?rst 
position Wherein the plate of the occluder is positioned 
relative to the light path to occlude a ?rst percentage of 
the light, a second position Wherein the plate of the 
occluder is positioned relative to the light path to 
occlude a second percentage of the light, and a third 
position Wherein the plate of the occluder is positioned 
relative to the light path to occlude a third percentage 
of the light. 
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30. The analyZer of claim 29 Wherein the plate comprises 

a transparent sheet having a ?rst transrnission-reducing dot 
and a second transrnission-reducing dot, the second dot 
being larger than the ?rst dot, a location of the transparent 
sheet Without a transrnission-reducing dot being disposed 
along the light path When the occluder is in its ?rst position, 
the ?rst dot being disposed along the light path When the 
occluder is in its second position, and the second dot being 
disposed along the light path When the occluder is in its third 
position. 

31. An analyZer for measuring light attenuation of a 
sample comprising: 

a) a light source; 
b) a sample holder; 
c) a light detector; 
d) an occluder cornprising ?rst and second polariZing 

plates, the ?rst polariZing plate being positioned 
betWeen the light source and the sample holder along a 
light path and the second polariZing plate being posi 
tioned betWeen the sample holder and the light detector 
along the light path; and 

e) at least one motor for moving the at least one of the ?rst 
and second polariZing plates With respect to the other 
from a ?rst relative orientation Wherein the polariZing 
plates of the occluder occlude a ?rst percentage of the 
light, a second relative orientation Wherein the polar 
iZing plates occlude a second percentage of the light, 
and a third relative orientation Wherein the polariZing 
plates occlude a third percentage of the light. 

* * * * * 


